r Chronic pain is disabling because sufferers form negative associations between pain and activities, such as work, leading to the sufferer limiting these activities. Pain information arriving in the amygdala is responsible for forming these associations and contributes to us feeling bad when we are in pain.
Introduction
Acute pain provides important warnings about dangers in our environment. However, some individuals experience chronic pain, such as lower back pain, that outlasts this useful role and continues after the injury has healed. Chronic pain is debilitating to the person (Gureje et al. 1998 ) and costly to society (Atkinson, 2004) . Our experience of chronic pain comprises somatosensory elements of location and intensity, negative emotional/aversive feelings (Bushnell et al. 2013; Elman & Borsook, 2016) and associative learning of 'dangerous activities' (Gureje et al. 1998; Vlaeyen, 2015) .
Acute and chronic pain activates the amygdala (Bornhovd et al. 2002; Baliki et al. 2006) and this contributes to the aversive response to nociceptive information (LeDoux, 2000; Cardinal et al. 2002) and the formation of an association between the aversive response and the environment (Tanimoto et al. 2003; Gao et al. 2004; Pedersen et al. 2007; Ansah et al. 2010) . These learned associations, linked to sensory inputs such as smell, result in the chronic pain sufferer limiting activities they associate with pain, such as work or sport (Vlaeyen, 2015) . In animals, this association can be measured as pain-induced conditioned place aversion (Zhang et al. 2011) and relies on the central nucleus of the amygdala (CeA), including the laterocapsular CeA, for its expression (Tanimoto et al. 2003; Gao et al. 2004; Pedersen et al. 2007; Ansah et al. 2010) . This associative learning in the CeA integrates polymodal sensory information (Moga et al. 1995; Sah et al. 2003; Vertes & Hoover, 2008; Pape & Pare, 2010; Marek et al. 2013; Neugebauer, 2015) and nociceptive information. The nociceptive information comes from the spinal cord via the external lateral parabrachial nucleus (PB) to the laterocapsular region of the CeA (CeLC) (Bernard et al. 1992; Bernard et al. 1993; Bester et al. 1997) , with the final synapse required for pain-induced associative learning (Watabe et al. 2013; Han et al. 2015; Sato et al. 2015) . In addition to associating pain with the environment, the CeLC could also contribute to the negative emotional experience of pain through its projections via the cholingergic substantia innominata dorsalis (Bourgeais et al. 2001 ) to brain regions important for affective responses to pain (Rainville et al. 1997; Sah et al. 2003; Pape & Pare, 2010; Marek et al. 2013; Neugebauer, 2015) . Therefore, if acute or chronic pain states alter this synapse delivering nociceptive information to the CeLC, this could influence both the learning and aversive aspects of our experience of pain. Chronic pain states without an ongoing injury, such as lower back pain, have been attributed to potentiation or sensitization of the neural circuits involved in pain (Ji et al. 2003; Basbaum et al. 2009; Latremoliere & Woolf, 2009; Woolf, 2011) . Central sensitization describes a phenomenon where there is 'increased responsiveness of nociceptive neurons in the central nervous system to their normal or subthreshold afferent input (Merskey & Bogduk 1994) . In the context of pain states without an ongoing injury, potentiation or sensitization of the neural circuits may involve an acute injury that leaves the circuit in a heightened state even after it heals. As a result, subsequent nociceptive stimuli will more strongly activate the neural circuit and may manifest as hyperalgesia. Pain models with an ongoing injury potentiate synapses important for pain (Han & Neugebauer, 2004; Carrasquillo & Gereau, 2007; Ikeda et al. 2007; Cheng et al. 2011; Chen et al. 2014a) via increases in AMPA receptor expression (Ikeda et al. 2007; Cheng et al. 2011; Chen et al. 2014a) . Indeed, a range of chronic pain states, such as arthritis, formalin inflammatory pain and colitis, potentiate the PB-CeLC synapse (Han & Neugebauer, 2004; Carrasquillo & Gereau, 2007; Ikeda et al. 2007; Adedoyin et al. 2010) . This potentiation correlates with increased pain hypersensitivity (Han & Neugebauer, 2004; Ikeda et al. 2007; Adedoyin et al. 2010 ) and inhibition of this synapse inhibits both synaptic plasticity and pain-related behaviour Adedoyin et al. 2010) , suggesting that synaptic plasticity influences the experience of pain. The synaptic plasticity in chronic pain models with ongoing pain is initiated and maintained by a continuous peripheral activation and hence differs from conditions where there are no signs of peripheral injury. If potentiation in the latter is a result of sensitization of neural circuits caused by an injury, there is the need for an explanation regarding how the initial acute injury primes synapses for subsequent activation, as well as the mechanisms behind this. To answer this question in a pain pathway important for the learning and aversive aspects of pain, we used a single, brief nociceptive stimulus that activates the spinal-parabrachial-amygdala pathway, without damage, and therefore had a known 'off point' for peripheral nociceptor activity. This brief nociceptive stimulus increased AMPA receptors (AMPAR) at PB-CeLC synapses for at least 3 days after the stimulus and showed mechanisms similar to long-term potentiation. This first brief stimulus primed the synapse for more prolonged potentiation from further noxious stimuli. Given that the potentiation heightened postsynaptic responsiveness, the potentiation would not be expected to result in activation of the nociceptive amygdala and associated pain behaviours until a subsequent nociceptive stimulus occurs. However, when either a nociceptive stimulus, or previously subthreshold stimulus, prompts glutamate release from the parabrachial terminals, the increased responsiveness of nociceptive amygdala neurons could enhance the aversive response or the formation of associations between pain and the environment.
Methods

Ethical approval
Experimental procedures were approved by the University of Sydney Animal Ethics Committee and conform with the principles and regulations described in Grundy (2015) .
Animals
Male Sprague-Dawley rats (aged 4-7 weeks old) were sourced from Animal Resources Centre, Perth. Rats were housed under a 12:12 h light/dark cycle in a temperature-controlled environment and were provided with food and water ad libitum.
Nociceptive stimulus
Noxious heat was used as the nociceptive stimulus. Both hindpaws were immersed (up to the ankle) in a thermostatically controlled water bath at 44°C for 30 s, four times with 2 min intervals (Fig. 1A) . Control rats underwent the same protocol using a water bath at 33°C. For the priming experiments, this protocol was conducted on days 1 and 2. During the stimulus, rats were anaesthetized using 3.5% isoflurane in oxygen via inhalation. Initial experiments to establish the adequate depth of anaesthesia found that rats withdrew their hindpaws at 44°C when under lighter anaesthesia (<3.5%).
Peripheral injury
Paw volume displacement. To determine whether the nociceptive stimulus produces peripheral injury, we used paw volume displacement as a measure of inflammation.
Paw volume displacement was measured using a plethysmometer (Ugo Basile, Gemonio VA, Italy). For assessment of immediate and early onset injury, hind paw volume displacement was measured before the nociceptive stimulus, 2 min after the nociceptive stimulus and 3 h after the nociceptive stimulus. In these experiments, we used a water bath at 52°C as a positive control (Bester et al. 1997) . Animals in the 52°C group were monitored for signs of distress, such as arching of the back, horizontal stretching, abdominal writhing, twitching and guarding. However, none of the animals displayed any of these signs during the 3 h period. For assessment of late-onset injury, hindpaw volume displacement was measured 1 day after the nociceptive stimulus and compared to a negative control of a water bath at 33°C. The positive control of 52°C was not tested at the 1 day time point for ethical reasons.
Hindpaw histology. Animals were anaesthetized with isoflurane using the open-drop method, decapitated and their hindpaws removed and placed in 10% neutral buffered formalin for 1 week. Samples were then transferred into a 10% formic acid solution for 1 week for bone decalcification. Samples were then processed through graded alcohols of 70%, 95% and 100% xylene and infiltrated with paraffin wax. Specimens were embedded and cut at 4 μm using a RM 2235 microtome (Leica Biosystems, Nussloch, Germany) onto slides. Following this, slides were deparaffinized using graded alcohols of 100%, 95% and 70% xylene then water and stained with a standard haemotoxylin and eosin (H&E) stain. Slides were imaged using the Zeiss Axio scan slide scanner (Carl Zeiss, Wetzlar, Germany) and assessed by a blinded specialist veterinary pathologist.
Immunohistochemistry
Three hours or 1 day after nociceptive stimulation, rats were deeply anaesthetized with sodium pentobarbitone (50 mg kg -1 ) and killed by transcardial perfusion with 3,000 IU L −1 heparin in a 0.5% NaNO 2 /0.9% saline (w/v) solution followed by a 4% paraformaldehyde (w/v) solution in 0.1 M PBS (pH 7.4). The brain and lumbar enlargement portion of the spinal cord were removed and postfixed overnight in 4% paraformaldehyde in PBS at 4°C. Brain and spinal cord were sectioned coronally into 50 μm sections using a Leica VT 1000S vibratome. Sections containing the amygdala, PB and L4/L5 regions of the spinal cord were collected in 0.1 M PBS. Sections were incubated in a 10% normal goat serum (NGS)/0.5% BSA/0.3% Triton X-100 in PBS (w/v) for 30 min then washed using 0.1 M PBS. This was followed by an overnight incubation of sections in rabbit antibody to c-Fos (dilution 1:100; SC-52; Santa Cruz Biotechnology, Santa Cruz, CA, USA) primary antibody in 2% NGS in PBS at room temperature. c-Fos primary antibody was washed off the following day with 0.1 M PBS. Sections were incubated for 1 h in guinea pig antibody to calcitonin gene-related peptide (dilution 1:1000; T-5027; Peninsula Laboratories, San Carlos, CA, USA) primary antibody in 2% NGS in PBS at room temperature. Sections were washed with 0.1 M PBS and then incubated in Alexa Fluor 488 goat anti-rabbit (dilution 1:1000; A-110088; Molecular Probes, Carlsbad, CA, USA) and CY3 conjugated donkey anti-guinea pig (dilution 1:1000; 706-165-148; Jackson Laboratories, Bar Harbor, ME, USA) in 2% NGS in PBS for 2 h. Topro3 (nuclei stain) (dilution 1:500; T3605; Molecular Probes) was directly added to wells in the last 30 min of incubation. Sections were washed with 0.1 M PBS and mounted onto glass slides and cover slipped with Fluoromont-G (ProSciTech, Kirwan, QLD, Australia). Sections were imaged with a LSM510 Meta confocal microscope (Carl Zeiss). A blinded observer counted the c-Fos immunoreactive neurons in lamina I/II of the spinal cord, external lateral region of the PB and the CeLC. The rat brain atlas of Paxinos and Watson was used to identify the relevant regions (Paxinos & Watson, 1986) . Calcitonin gene-related peptide (Shimada et al. 1985; Kruger et al. 1988; Chieng et al. 2006) and Topro3 staining were used to help identify the relevant regions.
Electrophysiology
Rats were anaesthetized with isoflurane using the open-drop method, decapitated and their brains removed into ice-cold artificial cerebrospinal fluid (aCSF) containing (in mM) 125 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 .2H 2 O, 2.5 MgCl 2 , 0.5 CaCl 2 , 25 NaHCO 3 and 11 D-glucose. Coronal slices (280 μm) containing the amygdala were obtained using a VT 1200s vibratome (Leica). Slices were transferred to a submerged chamber containing aCSF equilibrated to pH 7.4 with carbogen (95% O 2 /5% CO 2 ) at 34°C for at least 1 h.
Slices were then transferred to a recording chamber and superfused continuously at 2.5 mL min -1 with aCSF containing (in mM) 125 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 .2H 2 O, 1 MgCl 2 , 2 CaCl 2 , 25 NaHCO 3 and 11 D-glucose saturated with carbogen. The temperature was maintained between 33 and 34°C using an inline heater and monitored using a thermistor. Slices were visualized using a BX51 microscope (Olympus, Tokyo, Japan) equipped with 40× water immersion objective and Dodt gradient contrast optics. Whole cell, patch clamp recordings were made from neurons in the CeLC. Patch electrodes (2-4 M ) were filled with internal solution containing (in mM) 140 CsCl, 5 Hepes, 10 EGTA, 2 CaCl 2 , 2 Mg 2 ATP, 0.3 NaGTP and 3 QX-314.Cl (pH 7.3, osmolarity 280-285 mOsm L -1 ). Neurons were voltage clamped using a patch clamp amplifier (MultiClamp 700B; Axon Instruments, Foster City, CA, USA). Current signals were filtered at 5 kHz and sampled at 10 kHz. Series resistance (ࣘ12 M ) was compensated by 60% and continuously monitored throughout the experiment. Data was discarded if series resistance fluctuated by more than 20% during recording. Recordings were not corrected for liquid junction potentials. EPSCs were evoked via concentric bipolar stimulating electrodes (rate, 0.05 Hz; stimuli, 2-99 V, 100 μs) (FHC Inc., Bowdoin, ME, USA). Stimulus intensity was set to yield subthreshold EPSCs amplitudes. All EPSCs were recorded in the presence of the GABA A receptor antagonist picrotoxin (100 μM). CeLC neurons were voltage-clamped at −70 mV or +40 mV for AMPA/NMDA ratio recordings. The AMPAR EPSC amplitude was determined by measuring the peak amplitude of the EPSC at −70 mV (average of at least five EPSCs). The NMDAR EPSC amplitude was determined by taking the average amplitude between A, nociceptive stimulus procedure. Both hindpaws were immersed in a water bath at 44°C for 30 s. This was repeated four times with an interstimulus interval of 2 min. B, nociceptive stimulus does not cause immediate or early-onset peripheral inflammation measured by paw volume displacement. Paw volume was not increased at 2 min and decreased 3 h after 44°C nociceptive stimulus, whereas paw volume was significantly increased 2 min and 3 h after the positive control treatment at 52°C. Statistical significance was tested with one-way repeated measures ANOVA followed by a Sidak post hoc test. C, nociceptive stimulus does not cause late-onset peripheral inflammation. There were no differences in footpad histology of rat hindpaws: Ca, 1 day after treatment with a control temperature of 33°C and Cb, 1 day after treatment with the nociceptive stimulus. Left images: 1× magnification images of hindpaw showing haired skin (A), bone (B), muscle (C) and non-haired skin (D). Middle and right images: 10× and 20× magnification images of the boxed area on the 1× images showing some small blood vessels (arrows) throughout the superficial dermis. The small blood vessels were present in samples taken from control animals and nociceptive stimulus-treated animals. Scale bars = 500, 50 and 20 μm, respectively (n = 4 for each group). D, confocal images of cFos-immunoreactive (-IR) neurons (arrow) in the PB following heat treatment. cFos-IR neurons were counted in the external lateral portion of the PB (outlined). The rostrocaudal location of sections was: 33°C at 3 h = −9.68 mm from Bregma; 44°C at 3 h = −9.8, 33°C at 1 day = −9.8; 44°C at 1 day = −9.68. Scale bars = 100 μm. E, number of cFos-IR neurons in the parabrachial, spinal cord and CeLC following heat treatment. Ea, in the external lateral parabrachial nucleus, the nociceptive stimulus significantly increased the number of cFos-IR neurons after 3 h but had returned to baseline levels after 1 day. Eb, the nociceptive stimulus did not alter cFos-IR in the spinal cord. Ec, the nociceptive stimulus did not alter cFos-IR in the CeLC. Statistical significance was tested with an unpaired Student's t test. Dots show data from individual animals and the bar chart shows the mean ± SD. [Colour figure can be viewed at wileyonlinelibrary.com] J Physiol 596.18 70 and 90 ms after the stimulus at +40 mV (average of at least five EPSCs). The AMPA/NMDA ratio was calculated by dividing the AMPAR EPSC amplitude by the NMDAR EPSC amplitude (Fig. 2Ab) . To determine the voltage dependence of the AMPAR EPSC, the membrane potential was stepped from −70 mV to +40 mV (in 10 mV steps) during superfusion of the NMDAR antagonist DL-2-amino-5-phosphonopentanoic acid (DL-APV) (100 μM) and after the addition of spermine (100 μM) to the internal solution. The rectification index is peak EPSC +40 mV divided by peak EPSC −60 mV . For comparison of AMPAR deactivation kinetics, EPSCs were recorded at −70 mV, averaged and the current decay fitted to a double exponential function. The weighted time constant was calculated using the equation:where A f = amplitude of the fast decay component, A s = amplitude of the The amplitude of the AMPAR component of the EPSC was measured at the peak current recorded at −70 mV and the amplitude of the NMDAR component of the EPSC was measured as the average amplitude 70-90 ms after stimulation recorded at +40 mV (grey box). B, nociceptive stimulus does not potentiate the mixed synaptic input. Ba, schematic diagram of stimulation and recording site. Stimulating electrodes were placed dorsal to CeA to stimulate fibres coming from but not limited to the cortex, hypothalamus, thalamus and PB. The response of the CeLC neurons to this stimulation was recorded. Bb, example traces of EPSCs from control and nociceptive treated rats 1 day after treatment. The amplitude of AMPAR and NMDAR EPSCs was measured as above. C, scatter plots of AMPA/NMDA ratio at the PB-CeLC and mixed-CeLC synapses for individual neurons. Nociceptive stimulus increased the AMPA/NMDA ratio at the PB-CeLC synapse but not at the mixed input-CeLC synapse. D, nociceptive stimulus causes long-lasting changes at the PB-CeLC synapse. Scatter plot showing AMPA/NMDA over the 2 weeks following the nociceptive stimulus. The nociceptive stimulus increased the AMPA/NMDA ratio for at least 3 days. Statistical significance was tested with two-tailed Mann-Whitney test. Each circle shows the data from an individual neuron and the graph also shows the median ± interquartile range. [Colour figure can be viewed at wileyonlinelibrary.com] slow decay component, τ f = decay time constant of fast decay component, τ s = decay time constant of slow decay component.
where A f is the amplitude of the fast decay component, A s is the amplitude of the slow decay component, τ f is the decay time constant of fast decay component and τ s is the decay time constant of slow decay component.
The paired pulse ratio (PPR) of AMPAR-mediated EPSCs was obtained by evoking two consecutive stimuli of identical stimulus strength (interstimulus interval of 30 ms). PPR was calculated by dividing the second EPSC amplitude by the amplitude of the first (EPSC2/ EPSC1). All data were acquired and analysed using Axograph software (Molecular Devices, Sunnyvale, CA, USA).
Behavioural testing
Thermal hyperalgesia. The experimenter was blinded to rat treatment group. To measure thermal paw withdrawal latency (PWL), rats were placed in perspex enclosures (15 × 15 × 18 cm) and given 10-15 min to acclimatize to the test environment. The testing was conducted using a plantar tester (Ugo Basile) in accordance with the method of Hargreaves et al. (1988) . Focal infrared heat was applied through the plastic bottom of the enclosure to the rear left hindpaw and the latency for the rat to respond by moving its hindpaw away from the noxious heat source was recorded.
Mechanical allodynia. To measure mechanical allodynia, mechanical paw withdrawal thresholds (PWTs) were determined with a series of Von Frey hairs (range 0.4-15 g). Rats were placed in elevated perspex enclosures (28 × 15 × 18 cm) with wire mesh bases and given 15-20 min to acclimatize to this environment. Each Von Frey hair was tested six times at random locations on the plantar surface of the left hindpaw. Von Frey hairs were pressed perpendicularly against the hindpaw and held for ß2 s. Testing began with the 2.0 g Von Frey hair. A withdrawal response was recorded if the hindpaw was sharply withdrawn, if any paw licking took place or if the animal flinched upon removal of the Von Frey hair. If the animal responded, then the next heavier hair was tested. If the animal did not respond, then the next lighter hair was tested. Once there was a change in response, four more hairs were tested and the mechanical PWT was calculated using the up-down paradigm (Chaplan et al. 1994) . If the animals did or did not respond to any hairs, then the mechanical PWT was assigned as 0.2 or 15 g, respectively.
Drugs
Picrotoxin and spermine were purchased from Sigma-Aldrich (St Louis, MO, USA). DL-APV was purchased from Tocris Bioscience (Bristol, UK). Picrotoxin was added directly to aCSF. Spermine was added to internal solution. Distilled water was used to make a stock solution for APV. The stock solution was diluted to working a concentration in ACSF immediately before use and applied by gravity driven superfusion.
Statistical analysis
Prism, version 7 (GraphPad, San Diego, CA, USA) was used for the statistical analysis. Data with normal distribution are expressed as the mean ± SD. Data with a non-normal distribution are expressed as the median. The interquartile range (difference between the 75th and 25th percentile) was used to quantify variability in non-normal data. Normality was tested using the Kolmogorov-Smirnov test. A Mann-Whitney test (two-tailed), ANOVA or Student's unpaired t test (two-tailed) were used to test significance as appropriate. P < 0.05 was considered statistically significant.
Results
A brief nociceptive stimulus
To investigate synaptic plasticity that outlasts the noxious stimulus, we wanted to use a brief stimulus that activates the spino-parabrachio-amygdaloid pathway but does not produce ongoing activation of this neural pathway. Briefly immersing the hindpaws of rats in water at 44°C activates the spino-parabrachial pathway (Bester et al. 1997) . A 44°C heat stimulus probably does not produce ongoing activation of the nociceptor because nociceptor firing dissipates quickly after stimulation of nociceptive afferents by noxious heat (LaMotte & Campbell, 1978; Adriaensen et al. 1984; Martin et al. 1988; Yeomans & Proudfit, 1996) . In rats, C-fibre firing in response to heating the skin to 43°C dissipates within 2 s of stopping the heat (Yeomans & Proudfit, 1996) . Even when skin was heated to higher temperatures than used in the present study, such as 50°C, the potentiation of C-fibre firing still dissipates within 3-15 min of stopping the heat (Schouenborg, 1984) . Our stimulus is repeated four times with an interstimulus interval of 2 min. This repeated stimulus probably does not produce a 'wind-up' effect on C-fibre firing, as the magnitude of C-fibre firing actually decreases with repeated heat stimuli (LaMotte & Campbell, 1978; Adriaensen et al. 1984) . Thus, because nociceptive afferents do not produce prolonged firing after noxious heat stimulus and repeated heat stimuli does not produce 'wind-up' , our stimulus probably does not produce ongoing activation of this pathway.
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However, to test this, we determined whether there was inflammation of the paw or ongoing c-Fos production in the spino-parabrachio-amygdala neural pathway.
To test whether the noxious stimulus causes peripheral injury, we used paw volume displacement as a measure of inflammation and histological assessment of damage. To determine immediate and early onset injury, hindpaw volume displacement was measured before, 2 min and 3 h after heat treatment at 44°C and 52°C. We found that immersing the hindpaws of anaesthetized rats in water at 44°C for a total of 2 min (Fig. 1A) did not increase paw volume (Fig. 1B) . Indeed, there was a small but significant decrease in paw volume 3 h after the noxious heat treatment (one-way repeated measures ANOVA, Sidak post hoc test, F 2,14 = 3.277, P = 0.025, n = 8 animals) (Fig. 1B) . By contrast, the heat treatment at 52°C significantly increased paw volume 2 min (one-way repeated measures ANOVA, Sidak post hoc test, F 2,14 = 6.452, P = 0.019, n = 8 animals) and 3 h (one-way repeated measures ANOVA, Sidak post hoc test, F 2,14 = 6.452, P = 0.04, n = 8 animals) after the heat treatment (Fig. 1B) . Therefore, heat treatment of the paws at 44°C does not cause immediate or early onset injury, although higher temperatures do. We then assessed whether the nociceptive stimulus causes injury with a late onset by comparing the paw volume displaced 1 day after the nociceptive stimulus with the volume displaced 1 day after the control stimulus. We found no difference in paw volume between animals that had undergone treatment with the nociceptive stimulus and control (mean ± SD: nociceptive stimulus group: 1.88 ± 0.139 mL, n = 4 animals vs. control group: 1.92 ± 0.152 mL, n = 4 animals, P = 0.69, two-tailed Student's unpaired t test). For further assessment of late onset injury, we performed a histological assessment (H&E stain) of hindpaws 1 day after treatment with the nociceptive stimulus and control stimulus of 33°C. We examined the footpad (ventral hairless side of the limb) and also the haired skin of the limb. When looking at the footpad, we considered the nature of the epidermis and keratin layer, the superficial dermis vascularity and cellularity in particular. In all animals, the dorsal haired skin, bone, muscle and epidermis of the footpad were normal (Fig. 1C ). There were some scattered small blood vessels throughout the superficial dermis in all samples (Fig. 1C) . However, there were no significant differences between animals that had undergone treatment with the nociceptive stimulus and control animals in terms of superficial dermal cellularity and superficial dermal vascularity (Fig. 1C) . Therefore, at 3 h or 1 day at the brief nociceptive stimulus, we found no evidence of paw volume increases, indicative of inflammation, or histological signs of damage to the paw.
We used c-Fos, a marker for neuronal activation (Suwanprathes et al. 2003; Gao & Ji, 2009) , to assess whether our nociceptive stimulus produces acute or ongoing activation of the spino-parabrachio-amygdaloid neural pathway. C-Fos protein levels peak 1-2 h after a stimulus and return to basal levels 6-8 h after the stimulus (Suwanprathes et al. 2003; Gao & Ji, 2009 ). Thus, we hypothesized that the brief nociceptive stimulus would increase c-Fos expression at the 3 h time point but that, without ongoing activation of the nociceptors, new c-Fos expression would not be stimulated and, thus, at the 1 day time point, c-Fos expression would not differ from control conditions. If the nociceptive stimulus does cause increase in activity at this pathway either via a change in neurotransmitter release or change in receptor numbers, then we might also expect to see an increase in c-Fos expression at the day 1 time point if a second nociceptive stimulus is delivered. We counted the number of c-Fos positive neurons in the spinal cord, parabrachial nucleus and laterocapsular amygdala 3 h and 1 day after the heat treatment. We compared rats treated with noxious heat at 44°C vs. control innocuous heat at 33°C (Fig. 1A) . Noxious heat significantly increased c-Fos-IR in the external lateral parabrachial nucleus 3 h after the stimulus ( Fig. 1D and Ea), although this increase in c-Fos expression was not ongoing because it had returned to control 1 day later ( Fig. 1D and Ea). The noxious stimulus did not increase c-Fos expression in the spinal cord or amygdala ( Fig. 1Eb and Ec). This is consistent with previous experiments using this noxious stimulus where, at all noxious temperatures tested, c-Fos protein expression was greater in the parabrachial than the spinal cord (Bester et al. 1997) . Therefore, the increased c-Fos immunoreactivity observed in the parabrachial nucleus 3 h after the nociceptive stimulus is probably in response to the activation of this neural pathway by the noxious stimulus 3 h earlier. Because c-Fos expression is not increased 24 h later, this suggests that, at least 6-8 h before, this neural pathway has returned to control levels of activity. Therefore, the lack of paw inflammation, normal histology and brief elevations in c-Fos expression are consistent with the heat stimulus at 44°C providing a brief noxious stimulus.
Nociceptive stimulus induces long-lasting synaptic plasticity specifically at the PB-CeLC synapse
We examined whether the brief nociceptive stimulus produces synaptic plasticity at the PB-CeLC synapse. A well characterized hallmark of synaptic plasticity is changes in postsynaptic AMPARs and NMDARs (Rao & Finkbeiner, 2007) . Thus, our first experiment determined the relative contribution of postsynaptic AMPARs and NMDARs (AMPA/NMDA ratio) to synaptic transmission at the PB-CeLC synapse. We placed stimulating electrodes dorsomedial to the CeA to stimulate PB inputs (Bernard et al. 1993; Han & Neugebauer, 2004) . We then made whole-cell, patch clamp recordings from CeLC neurons ( Fig. 2A) and recorded the EPSC amplitude at −70 mV and + 40 mV. We found that the nociceptive stimulus significantly increased the AMPA/NMDA ratio at day 1 ( Fig. 2A and C) . These data suggest that the nociceptive stimulus increases AMPA receptors at the PB-CeLC synapses.
To determine whether the nociceptive stimulus specifically changes synapses in the PB-CeLC, we tested whether the stimulus also changes a mixed synaptic input. These mixed inputs include polymodal sensory information from the thalamus (Moga et al. 1995; Vertes & Hoover, 2008) , hypothalamus (Canteras et al. 1994) , entorhinal cortex (McDonald & Mascagni, 1997) and lateral occipital area (McDonald et al. 1996) . They also include inputs from areas delivering affective information, such as the prefrontal cortex, insular cortex and anterior cingulate cortex (McDonald et al. 1996) . Stimulating electrodes were placed dorsal to the CeA to stimulate this mixed input (Canteras et al. 1994; Moga et al. 1995; McDonald et al. 1996; McDonald & Mascagni, 1997; Vertes & Hoover, 2008) (Fig. 2Ba) . The nociceptive stimulus did not alter the AMPA/NMDA ratio at this mixed input-CeLC synapse at 1 day ( Fig. 2B and C) . This indicates that the nociceptive stimulus does not induce synaptic potentiation at all synapses onto CeLC neurons.
The noxious stimulus only increased the AMPA/NMDA ratio in a subpopulation of CeLC neurons (Fig. 2C) . The variability in the response may result from whether individual CeLC neurons receive noxious information in response to the stimulus because only ß40% of CeLC neurons are excited by cutaneous inputs from the PB (Bernard et al. 1990 (Bernard et al. , 1992 . The variability in response may also result from innate differences between CeLC neurons. Although the CGRP receptor is widely expressed in CeLC neurons (van Rossum et al. 1997; Oliver et al. 1998; Han et al. 2015) , the selective expression of corticotrophinreleasing factor (Harrigan et al. 1994; Ji et al. 2013) , somatostatin (Li et al. 2013; Han et al. 2015) and protein kinase C (PKC)-δ (Haubensak et al. 2010; Han et al. 2015) in subpopulations of CeLC neurons raises the possibility of functional subgroups of neurons. Indeed, the expression profile of PKC-δ defines the direction of fear conditioning induced synaptic plasticity, with enhanced excitatory responses in PKC-δ negative neurons but reduced excitatory responses in PKC-δ positive neurons Haubensak et al. 2010) . We also found that the plasticity at the PB-CeLC synapse was bilateral (44°C, 1 day right hemisphere: mean ± SD: 4.69 ± 4.688, n = 8 cells vs. 44°C, 1 day left hemisphere: 6.51 ± 7.161, n = 23 cells, P = 0.49, two-tailed Student's unpaired t test) and was not influenced by the rostrocaudal location of the neuron or the time elapsed following dissection (up to 7 h).
Because our nociceptive stimulus is brief and does not produce ongoing activation or inflammation, we can track how long this pain-induced change in synaptic glutamate receptors persists after the stimulus. We found that, 3 h after the nociceptive stimulus, the AMPA/NMDA ratio was unchanged from control (Fig. 2D) . The biggest increase in AMPA/NMDA ratio occurs 1 day and 3 days after the nociceptive stimulus (Fig. 2D) . By 7 days, the AMPA/NMDA ratio had returned to control levels (Fig. 2D) . These data show that a brief nociceptive stimulus that does not produce ongoing peripheral activation can induce long lasting synaptic changes at a central synapse important for pain.
Nociceptive stimulus produces a transient change in AMPAR subunit composition at the PB-CeLC synapse
The increase in AMPA/NMDA ratio at the PB-CeLC synapse may be the result of either an increase in postsynaptic AMPARs or a decrease in NMDARs. AMPARs are heterotetramers composed of GluA1-4 subunits and the composition of synaptic AMPA receptors changes during some forms of synaptic plasticity (Chater & Goda, 2014) . In some forms of in vitro long-term potentiation (LTP), a model for learning and memory (Chater & Goda, 2014) , synaptic AMPARs undergo a change in subunit from GluA2-containing to GluA2-lacking (Plant et al. 2006; Guire et al. 2008; Morita et al. 2014) . Unlike GluA2-containing AMPARs, GluA2-lacking AMPARs are Ca 2+ permeable (Chater & Goda, 2014) , have faster decay kinetics (Chater & Goda, 2014) and display an inwardly rectifying current-voltage (I-V) relationship as a result of blockade by intracellular polyamines (Chater & Goda, 2014) . To clarify whether the increase in AMPA/NMDA ratio was associated with a change in AMPAR subunits, we examined the I-V relationships of AMPAR EPSCs at the 1 and 3 day time points. To isolate the AMPAR synaptic response, experiments were conducted in the presence of the GABA A antagonist pictrotoxin (100 μM) and NMDA receptor antagonist DL-APV(100 μM). Spermine (100 μM) was added to the intracellular solution to compensate for possible dialysis of intracellular polyamines during whole-cell recording. We found that the nociceptive stimulus significantly increased the inward rectification of AMPAR-mediated EPSCs at 1 day (Fig. 3A) . This is consistent with the nociceptive stimulus increasing the incorporation of GluA2-lacking AMPARs at the PB-CeLC synapse. Interestingly, although there was a significant increase in AMPA/NMDA ratio in the nociceptive group at 3 days, the rectification index of the nociceptive stimulus group at 3 days did not differ from the control, suggesting that, 3 days after the stimulus, the AMPAR subunit composition had reverted to GluA2-containing AMPARs (Fig. 3A) , even though the increase in AMPA/NMDA receptor persists.
The nociceptive stimulus quickened the AMPAR decay at 1 day (Fig. 3B) , although the decay did not differ from the control group by 3 days after stimulus (Fig. 3B ). Both J Physiol 596.18 the increase in inward rectification and quicker decay of the AMPAR synaptic response after the nociceptive stimulus suggests that the stimulus triggers the transient insertion of GluA2-lacking AMPAR at the PB-CeLC synapse for 1 day. After this, although the AMPA/NMDA receptor ratio is elevated, the AMPAR subunit composition of the PB-CeLC synapse returns to a baseline composition similar to LTP (Plant et al. 2006; Guire et al. 2008; Morita et al. 2014) .
We next examined whether the nociceptive stimulus causes changes in presynaptic glutamate release at the PB-CeLC synapse. The nociceptive stimulus did not change the PPR 1 day after the stimulus (nociceptive stimulus group: mean ± SD: 1.01 ± 0.3831, n = 49 cells vs. control group: 1.13 ± 0.6942, n = 36 cells, P = 0.36, two-tailed unpaired Student's t test) (Fig. 3C) , suggesting that the nociceptive stimulus does not alter glutamate release.
PB-CeLC synapse undergoes metaplastic-like changes
Metaplasticity denotes a higher order form of synaptic plasticity, where a 'primer' synaptic activity at a particular point in time alters or changes the ability of neurons or synapses to generate subsequent plasticity (Abraham, 2008) . It is possible that the synaptic plasticity produced by the nociceptive stimulus at 1 day could influence the nature of subsequent plasticity. In particular, we aimed to investigate whether the synaptic plasticity would be prolonged by a second nociceptive stimulus administered 1 day later when there is more calcium permeable GluA2-lacking AMPAR at the synapse. After a single stimulus, the AMPA/NMDA ratio returned to control levels within 7 days of the nociceptive stimulus (Fig. 2D) . Therefore, if the first nociceptive stimulus primes the synapse to produce longer lasting plasticity to a second nociceptive stimulus, the plasticity should showing a significantly lower rectification index in nociceptive stimulus group at 1 day. Rectification index returns to control levels at 3 days. B, AMPAR-mediated EPSCs have faster decay kinetics in nociceptive group at 1 day and return to control levels after 3 days. Ba, normalized example traces of AMPAR EPSCs after control and nociceptive treatments. Bb, weighted time constants showing that the nociceptive stimulus speeds decay of the AMPAR synaptic at 1 day. Bc, PPR was not changed by the nociceptive stimulus. Example traces of two consecutive EPSCs of identical intensity (interstimulus interval of 30 ms) showing that the PPR was not changed by the nociceptive stimulus. PPR was calculated by dividing the second EPSC amplitude by the amplitude of the first. Statistical significance was tested using a two-tailed unpaired Student's t test. Dots show data from individual neurons and the bar chart shows the mean ± SD. [Colour figure can be viewed at wileyonlinelibrary.com] persist 7 days after the second nociceptive stimulus. To test this, we compared the plasticity produced by two consecutive nociceptive stimuli on day 1 (44°C) and on day 2 (44°C) (Fig. 4A) vs. a nociceptive stimulus on day 1 (44°C) and a control stimulus on day 2 (33°C) (Fig. 4A) . The nociceptive stimulus protocol was conducted as before (4 × 30 s with 2 min interval between) (Fig. 1A) . We examined the AMPA/NMDA ratio 7 days after the final nociceptive stimulus and found that, 7 days after the second nociceptive stimuli (day 8), the AMPA/NMDA ratio was still significantly higher than 7 days after a single nociceptive stimulus (day 7) (Fig. 4A and B) . This suggests that, when a second nociceptive stimulus is delivered during a time of prior synaptic potentiation or priming, this prolongs the synaptic plasticity. To ensure that the results obtained above were not a result of peripheral damage caused by the consecutive treatment with the nociceptive stimulus, we measured paw volume displacement and performed histological assessment of the hindpaw of animals in the two groups (44°C and 44°C at 8 days vs. 44°C and 33°C at 7 days). We also measured the paw volume and examined histology in animals that were killed immediately after treatment with the second nociceptive stimulus on day 2. We found no significant differences in paw volume displacement across the three groups (F 2,9 = 0.122, P = 0.886, n = 4 animals for all groups, one-way ANOVA). The areas of the hindpaw examined in the histology were the same as described previously. We found no significant differences between the samples across the three groups (Fig. 4C). A B 
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Figure 4. PB-CeLC synapse undergoes metaplastic-like changes following synaptic plasticity A, timeline of treatment (above) and example traces of EPSCs (below) in the control two stimuli 7 days group (44°C/33°C) and increased EPSC in the nociceptive two stimuli 8 days group (44°C/44°C). The amplitude of the AMPA and NMDA EPSC was measured as in Fig. 2 . B, AMPA/NMDA ratio showing the increase in AMPA/NMDA ratio in the nociceptive two stimuli 8 days group. C, consecutive treatment with the nociceptive stimulus protocol on days 1 and 2 does not cause peripheral damage. The timeline of treatment (above) and histology images of (below) the three groups. Paw volume displacement measurements and histological samples were taken on day 7 for the 44°C/33°C at 7 days group (Ca), day 8 for the 44°C/44°C at 8 days group (Cb) and immediately after the completion of the second nociceptive stimulus protocol on day 2 for the 44°C/44°C group (Cc). Similar to single treatment with the nociceptive stimulus protocol, small blood vessels were found throughout the superficial dermis in all groups (arrows). Scale bar = 20 μm (n = 4 for each group). Statistical significance was tested using a two-tailed Mann-Whitney test. Dots show data from individual neurons and the graph also shows the median ± interquartile range. [Colour figure can be viewed at wileyonlinelibrary.com]
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These results confirmed that consecutive treatment with the nociceptive stimulus does not cause inflammation or peripheral damage and the lengthening of the synaptic plasticity is probably a result of metaplastic-like changes at the PB-CeLC synapse.
Nociceptive stimulus produces mechanical but not thermal hyperalgesia
The PB-CeLC synapse contributes to development of hyperalgesia in numerous pain states (Hebert et al. 1999; Han et al. 2005; Carrasquillo & Gereau, 2007; Pedersen et al. 2007; Ansah et al. 2010; Ji et al. 2010) . Therefore, we examined whether the single nociceptive stimulus induces mechanical and thermal hyperalgesia. The nociceptive stimulus significantly reduced the mechanical threshold at 1 day ( Fig. 5A) . At all other time points, the mechanical threshold was unchanged by the nociceptive stimulus (Fig. 5A ). The thermal threshold was unchanged at all time points (Fig. 5B) . Given that the nociceptive stimulus itself is a noxious thermal stimulus, it may be somewhat unexpected that it produced mechanical rather than thermal hyperalgesia. However, it is consistent with secondary hyperalgesia (i.e. hyperalgesia outside of the site of injury) that is produced through central sensitization only resulting in mechanical hyperalgesia (Raja et al. 1984; Coderre et al. 1993; Dahl et al. 1993; Woolf, 2011) .
Discussion
In the present study, we used a brief nociceptive stimulus that does not produce ongoing activation of the spino-parabrachio-amygdaloid pathway to investigate synaptic plasticity that persists beyond the stimulus. We found that a 2 min nociceptive stimulus potentiates the PB-CeLC synapse. Our precise control of the nociceptive timing allowed us to determine that the increase in AMPAR response at the PB-CELC synapse developed over 1 day and lasted for at least 3 days. Additionally, the AMPAR potentiation was biphasic, with incorporation of more GluA2-lacking AMPARs at 1 day, which were subsequently replaced by GluA2-containing AMPARs at 3 days. We found that, during the period of high GluA2-lacking AMPAR activity, an additional nociceptive stimulus produced prolonged synaptic plasticity. We also found that rats experienced mechanical hyperalgesia following the nociceptive stimulus. We used several approaches to confirm that our stimulus was truly brief. If our stimulus produced inflammation or damage, then the activation of the neural pathways carrying nociceptive information could have persisted beyond the termination of the heat stimulus. However, neither the 44°C single heat, nor the double heat stimulus inflamed the paw, even though higher temperatures did. Additionally, heat treatment did not produce histological signs of damage to the paw. Consistent with this, expression of c-Fos, a marker for neuronal activation, was elevated in parabrachial neurons 3 h after the stimulus but not at 1 day. This suggests that, although this neural pathway is briefly activated by the heat stimulus, ongoing activation of the afferent neurons to the CeLC did not occur. The lack of elevated c-Fos expression in the nociceptive amgydala neurons is consistent with the heightened postsynaptic responsiveness found in the present study. This plasticity would not activate nociceptive amygdala neurons, and thus c-Fos expression, until a subsequent nociceptive stimulus prompted glutamate release from parabrachial neurons. Therefore, this is a measure of activity of neurons in this nociceptive pathway, rather than a measure of neuronal plasticity, and, together with the lack of inflammation or pathological changes in the paw, strongly indicates that our nociceptive stimulus was truly brief. We know that a two-phase noxious stimulation of deep tissue (Cheng et al. 2011) or prolonged noxious stimulation of joints over several hours Han et al. 2005 ) strengthens the PB-CELC synapse for 2-10 h. The mechanism of this potentiation is not well defined, although it may be the result of an increase in postsynaptic AMPARs (Cheng et al. 2011) . Our findings have allowed us to define how the glutamate receptors change over days in response to simple nociceptive activation over which we have temporal control because it does not cause paw damage, inflammation or ongoing activation of the pain neural pathway. In vitro long-term potentiation mechanisms are considered to model synaptic modifications that underlie learning (Chater & Goda, 2014) . The synaptic changes produced by the nociceptive stimulation are reminiscent of some forms of LTP (Plant et al. 2006; Guire et al. 2008; Morita et al. 2014 ) but stretched over a much longer time frame. Although in vitro high frequency stimulation increases GluA2-lacking AMPA receptors over minutes, these receptors only remain at the synapse for 20-30 min and the potentiation is then maintained by subsequent replacement with GluA2-containing AMPA receptors (Plant et al. 2006; Guire et al. 2008; Morita et al. 2014) . The nociceptive stimulus increases the AMPA/NMDA ratio during the first day after stimulus and, similar to the early phase of LTP, the potentiation of the AMPA response is associated with greater insertion of GluA2-lacking AMPARs. By 3 days, the synapses are still potentiated but the GluA2-lacking AMPARs seen at 1 day are replaced by GluA2-containing AMPARs by 3 days. The timing of the plasticity induced by the brief nociceptive stimulus is longer than LTP, although this is consistent with arthritis-induced and possibly acid-induced plasticity at the PB-CeLC synapse. An arthritis model increases the responsiveness of CeA neurons to parabrachial stimulation progressively, with increased responsiveness of CeA neurons by 3-4 h and maximal increases 6 h after initiation of arthritis . Whether acid-induced plasticity of this synapse is also slowly developing is less clear. PB-CeLC plasticity occurs 2 h after the second of two acid injections spaced 3 days apart (Cheng et al. 2011) . This synapse was not potentiated after a single acid injection, presumably also measured 2 h after the acid injection (Chen et al. 2014b) . It is possible that the acid-induced plasticity requires two stimuli or that, as observed in the present study and as also occurs with arthritis, it develops slowly after a single acid injection and needs longer than 2 h to develop. This arthritis pain model, which presumably stimulates ongoing activation of the SC-PB-CeLC pathway, and the acid induced nociceptive stimuli are very different from the brief nociceptive stimulus used in the present study. Therefore, this makes comparisons of the time course or intensity of stimulation difficult; however, the slow developing nature of the plasticity in response to arthritis and the brief nociceptive stimulus (and possibly acid) suggests that pain-induced synaptic plasticity at the PB-CeLC synapse follows a slower time course than LTP. Given this slower development, it is possible that the plasticity relies of synthesis of new proteins, similar to corticosterone induced increase in AMPA receptors in stress (Groc et al. 2008; Martin et al. 2009) . If the pain hypersensitivity seen after 1 day is a result of the plastic changes in the CeLC, this may also explain why it is also delayed. At 1 day after the pain stimulus, GluA2-lacking receptors are present at the PB-CeLC synapse but, between 1 and 3 days after the heat stimulus, the AMPA receptor subunits revert to the GluA2-containing receptors present under control conditions. This is consistent with GluA2-lacking receptors being replaced with GluA2-containing receptors as the cell surface receptors undergo regular turnover over 18-43 h (Mammen et al. 1997; Archibald et al. 1998; O'Brien et al. 1998) The role of the PB-CeLC neural pathway in acute behavioural responses to nociceptive stimuli, such as mechanical and thermal thresholds (Han et al. 2015; Sato et al. 2015) , is limited but the CeA is important for the development of hyperalgesia in various pain states (Hebert et al. 1999; Han et al. 2005; Carrasquillo & Gereau, 2007; Pedersen et al. 2007; Ansah et al. 2010; Ji et al. 2010 ). This could be via CeLC projections to the CeM, (Jolkkonen & Pitkanen, 1998; Ciocchi et al. 2010; Haubensak et al. 2010) , which in turn projects to the periaqueductal gray (Haubensak et al. 2010) . The periaqueductal gray controls the descending analgesic pathway (Bushnell et al. 2013; Veinante et al. 2013 ) and thus PB-CeLC synaptic plasticity could also mediate/alter the descending modulation of pain. Therefore, the hyperalgesia that we observed 1 day after the nociceptive stimulus may result from differential activation of these pain modulatory pathways when the PB-CeLC potentiation is in place. However, the hyperalgesia could also be a result of changes at other points in the pain pathway, such as the spinal cord.
CeA (including CeLC) neurons have large bilateral receptive fields and display a sigmoid-like stimulus-response curve to noxious stimuli (Bernard et al. 1992; Neugebauer & Li, 2002) . They initially produce a graded response to increased stimulus intensity, which reaches a plateau, where increases in stimulus intensity do not produce a subsequent increase in response. Although these characteristics would not allow appropriate sensory-discrimination of pain, they are consistent with the contribution of the PB-CeLC neural pathway to pain-induced negative affect (Han et al. 2015) , associative learning (Han et al. 2015; Sato et al. 2015) or regulation of pain hypersensitivity (Hebert et al. 1999; Han et al. 2005; Carrasquillo & Gereau, 2007; Pedersen et al. 2007; Ansah J Physiol 596.18 et al. 2010; Ji et al. 2010) . During the 3 days when we have shown that there are more AMPA receptors at the PB-CELC synapses, a given nociceptive stimulus would produce an unchanged release of glutamate from PB terminals in the CeLC but a stronger postsynaptic depolarization of CeLC. In addition, during the first phase after the stimulus, the increased incorporation of calcium permeable GluA2-lacking AMPAR could act as an additional source for activity-dependent calcium entry and thus facilitate subsequent synaptic plasticity (Plant et al. 2006; Guire et al. 2008; Chater & Goda, 2014; Morita et al. 2014) . Thus, if a second nociceptive stimulus was delivered during that period, greater activation of this pathway would be expected. Consistent with this, we found that a second nociceptive stimulus delivered when there was high GluA2-lacking AMPAR incorporation prolongs the potentiation of the nociceptive information flow into the amygdala for at least 1 week. Given the role of the PB-CeLC synapse in pain associated negative affect and pain-induced associative learning, both of these aspects of the pain experience could be enhanced during this week. It remains an open question whether additional nociceptive stimuli during this time could prolong this synaptic potentiation even further. The associative learning connecting a nociceptive/noxious stimulus with the environment relies in part on the PB-CeLC neural pathway (Han et al. 2015; Sato et al. 2015) and the CeA (Tanimoto et al. 2003; Gao et al. 2004; Pedersen et al. 2007; Ansah et al. 2010 ) but the underlying neural plasticity is not defined. One possibility is PB-CeLC assisted potentiation of other polymodal sensory inputs to the CeA (Canteras et al. 1994; Moga et al. 1995; McDonald et al. 1996; McDonald & Mascagni, 1997; Sah et al. 2003; Vertes & Hoover, 2008) . However, we found that the nociceptive stimulus did not change the AMPA/NMDA ratio for mixed inputs entering dorsal to the CeA, which contains some of the polymodal inputs to the CeLC (Canteras et al. 1994; Moga et al. 1995; McDonald et al. 1996; McDonald & Mascagni, 1997; Vertes & Hoover, 2008) . This may be because the relevant synaptic plasticity for associative learning does not comprise change in AMPA/NMDA ratio, or it occurs at other synapses or even did not happen in these experiments because the animals had minimal sensory input during the nociceptive stimulus as a result of anaesthesia.
Chronic pain states without an ongoing injury, such as lower back pain, are a significant clinical problem (Atkinson, 2004) and this probably is a result of complex change in multiple neural circuits. The present study used a brief temporally controlled stimulus without ongoing damage to investigate why pain persists without an ongoing injury. The tight temporal control of the nociceptive stimulus allowed us to demonstrate that noxious stimuli potentiated the delivery of nociceptive information into the amygdala for several days after the stimulus. Without a subsequent nociceptive stimulus, this postsynaptic plasticity will not increase activation of the nociceptive amygdala and associated pain behaviours. However, when a subsequent injury activates the spinal cord-parabrachial-amygdala pathway, the increased responsiveness of the nociceptive amygdala neurons that we observed could enhance the pain responses, as seen with synaptic potentiation of this synapse in chronic pain states (Han & Neugebauer, 2004; Ikeda et al. 2007; Adedoyin et al. 2010) 
